overlap because of the zig-zag boundaries. The overlapping leads to annihilation of the thinner black reversed areas. Such annihilation might then explain why only two black reversed areas are observed. The inset in Fig.  1B shows a gradual transition, indicating a structure dominated by grains. Owing to the reduced crystallinity of Co II, zig-zag walls are not formed. Correspondingly, a stable reversed area is seen much closer to the center of the structure.
We note that the radii of the experimentally observed inner rings are not exactly reproduced by the calculations. For example, in Co I the second reversal back to the original direction occurs at smaller field values than expected and the subsequent third and fourth reversals even more so. The same phenomenon is observed in Co II. The details of the inner structure of the patterns cannot be calculated with the simple LL approach unless one assumes that some of the material properties vary with time. Supposing that intrinsic properties such as M S and H A are constant, one is forced to assume that ␣ is time dependent. Two different mechanisms might lead to a time-dependent effective damping constant ␣ eff . The first one is the excitation of magnons. The field pulses are built with frequencies close to the frequency band of magnons, hence magnon excitation might be enhanced. This can lead to an increase in energy dissipation and thus to an increase in ␣ eff . The other mechanism is electron-electron scattering (11) . If ជ M precesses at a different rate in each location, this scattering will be very strong, again leading to a larger effective damping constant.
Ultimately, direct observation of ជ M during the precessional motion is desired. Freeman and co-workers (12) have shown that this is indeed possible with the magneto-optic Kerr effect using picosecond laser pulses. Other groups use inductive probing (13) or spinpolarized tunneling (14) . Another exciting prospect comes from the development of the Next Linear Collider (15, 16) . In this project, microstructured electron pulses will be developed that deliver a train of very strong magnetic field pulses of picosecond length, ideal for observing the dynamics of the reversal.
These results have implications for longitudinal magnetic recording and demonstrate the possibility of recording at extremely high data rates if problems arising from transitions between regions of oppositely magnetized material can be overcome. This requires a magnetic medium consisting of either identical grains or single-domain particles (17 Current-induced switching in the orientation of magnetic moments is observed in cobalt/copper/cobalt sandwich structures, for currents flowing perpendicularly through the layers. Magnetic domains in adjacent cobalt layers can be manipulated controllably between stable parallel and antiparallel configurations by applying current pulses of the appropriate sign. The observations are in accord with predictions that a spin-polarized current exerts a torque at the interface between a magnetic and nonmagnetic metal, due to local exchange interactions between conduction electrons and the magnetic moments.
Devices containing alternating nanometerscale-thick layers of ferromagnetic and nonmagnetic metals exhibit giant magnetoresistance (GMR), because current flow is strongly affected by the relative orientation of the magnetic moments in the layers (1). Specifically, antiparallel alignment of the moments gives a higher electrical resistance than parallel alignment. According to Newton's Third Law, one might also expect an inverse effect; that is, electrons scattering within the device may affect the moments in the magnets. Recent calculations indicate that spin-polarized currents flowing perpendicularly through magnetic multilayers may transfer angular momentum between layers, thereby imparting a torque on the magnetic moments (2) (3) (4) (5) . Experiments have found evidence of current-induced changes in the resistance of Cu/Co multilayers (6, 7) and granular alloys (6), nickel nanowires (8) , and manganite junctions (9) , but the nature of the excitations has not been clear. We report experimental studies using a Co/Cu/Co sandwich structure and verify the prediction of (2) , that an applied current can be used to controllably switch magnetic domains between different orientations. As predicted by the spin-transfer theory (2) , there is an asymmetry as a function of the direction of current bias, so that domains in the two magnetic layers can be aligned antiparallel by currents flowing in one direction, and then reoriented parallel by reversing the current flow. This effect provides a mechanism for a current-controlled magnetic memory element.
We employ a sample geometry suggested by Slonczewski ( Fig. 1A) (5) , a metal point contact adjacent to two Co layers separated by a Cu spacer. One Co layer (layer 1) is thin (Յ10 nm) and the other (layer 2) much thicker (100 nm), with the aim that intralayer exchange forces will make the magnetic mo-ments in the thicker layer less easily reoriented by a current-induced torque. The device is made by first using electron-beam lithography and reactive ion etching to produce a bowl-shaped hole in an insulating silicon nitride membrane, with an opening 5 to 10 nm in diameter (10) . A thick film of Cu is evaporated (base pressure 6 ϫ 10 Ϫ6 torr) onto the bowl-shaped side of the device to fill the hole and form an interface near the lower edge of the membrane. Without breaking vacuum, layers are then deposited on the opposite side of the device in the sequence: thin Co layer (thickness varied as discussed below), 4 nm Cu, 100 nm Co, 50 nm Cu. No qualitative differences in results were observed for depositions at 77 K and room temperature. Measurements of resistivity on test samples indicate that 2 nm of Co deposited on Si 3 N 4 at room temperature does not yet form a fully continuous film, but layers Ն4 nm thick are continuous. The 4-nm Cu spacer is sufficiently thick so that there is little exchange coupling between the magnetic layers (1). The differential resistance is measured using a lock-in amplifier. We use the convention that positive bias corresponds to electrons flowing from the Cu electrode into the multilayer.
In (2) (3) (4) (5) , the torques due to spin transfer are calculated by applying angular momentum conservation during the scattering of partially spin-polarized electron currents from magnetic interfaces. The torques on magnetic layers 1 and 2 are predicted to have the symmetries
where I is the current and ŝ 1 and ŝ 2 are unit vectors in the direction of the local magnetic moments of each magnetic layer. From this follows an asymmetry with respect to the direction of current. Consider a stability analysis for a small deviation from parallel alignment between ŝ 1 and ŝ 2 , with ŝ 2 assumed fixed, and with a (negative) current applied such that electrons travel from layer 2 to layer 1 (Fig. 1B) . The direction of the torque is to turn ŝ 1 toward ŝ 2 , so the parallel configuration is stable. However, if the current is reversed, the spin-transfer torque is also reversed so as to turn ŝ 1 away from ŝ 2 (Fig. 1C ). For sufficiently large positive currents, this torque may overcome damping and anisotropy effects, making the parallel configuration unstable and leading to dynamical precession or switching. If the magnetic moments of the two layers are originally oriented close to antiparallel, it is the negative bias which pro-duces an instability, and the positive bias is stable ( Fig. 1 , D and E). Figure 2 , A through D, shows the differential resistance as a function of current bias at a temperature of 4.2 K for devices with a sequence of deposited thicknesses for the thin Co layer (layer 1). For the thickest layer in the sequence (10 nm) in an applied magnetic field H greater than the saturation field required to align the moments in the layers at zero current bias, the data are very similar to that reported by Tsoi et al. (7) . For both signs of bias, there is an overall increase in dV/d I at larger currents, which is a familiar effect in metal point contacts due to electron scattering by emission of phonons and magnons (11) . In addition, for positive bias, there is a peak in dV/d I, which is not present at negative bias, indicating some form of current-induced change in the resistance of the sample. The peak in dV/d I corresponds to a rounded step Parallel alignment of the moments in the two layers is unstable for sufficiently large positive currents, whereas antiparallel alignment is unstable for large negative currents.
Fig. 2. (A through D)
Differential resistance versus current at 4.2 K for Co/Cu/Co sandwich devices in which the deposited thickness t 1 of the thinner Co layer is varied as listed. For samples with a Co layer 4 nm thick and thinner, the hysteresis as a function of current indicates that a magnetic domain in the thin Co layer is flipped controllably between parallel and antiparallel orientations with respect to the thicker Co layer (12) . [Inset in (C)] Resistance changes associated with sweeping an in-plane magnetic field about the hysteresis loop. The sweep directions are not mislabeledsamples showing the currentinduced switching effect can have maxima in resistance versus increasing H curves at either positive or negative field. This is not surprising, since dipolar forces can force the reversal of some fraction of the domains in a thin-film sample before the sign of the applied field is reversed. (E) Nonhysteretic changes in resistance are present at large positive biases even for a single interface between Cu and Co electrodes. up in the dc resistance with increasing bias, a step which is continuous and reversible in the sense that the resistance follows the ac modulation of the lock-in amplifier. The asymmetry in current has the sign expected for the spin-transfer-induced instability in the orientation of the magnetic moment in the thin Co layer (2) (3) (4) (5) . In contrast, if such changes originated from the circumferential self-field generated by the current, one would expect the high-field signals to exist either for both signs of bias or for the opposite sign of bias in some samples, which we do not observe.
Thinner Co layers at H ϭ 0 exhibit qualitatively different behavior, which makes clear the nature of the current-induced excitations and the connection to the spin-transfer model (Fig. 2, B through D) (12) . For a 7-nm Co layer, the first resistance anomaly at positive bias no longer has the form of a peak in dV/d I (a rounded, continuous step in the dc resistance), but is instead an abrupt hysteretic step in the resistance (9) . For even thinner deposited layers, the sample can be switched between two resistance states which are both stable at zero bias. We explain this behavior within the spin-transfer picture by arguing that a large positive current bias (I cϩ ) destabilizes the parallel orientation of the magnetic moments in the two layers near the point contact and switches a particle or domain in the thin Co layer to have magnetization reversed with respect to the moment in the thick Co layer, thus changing the resistance.
A sufficiently thin layer is necessary for the stability of such a structure at zero bias; for thick layers, intralayer coupling will force the domain to its original orientation as the current is reduced. Sweeping to sufficiently large negative bias (I cϪ ) destabilizes this reversed domain, as predicted by spin transfer, and returns the magnetic moments to a parallel alignment. The resistance changes associated with the transitions are consistent with this picture, as the states associated with antiparallel alignment of the moments do indeed have higher resistances. The difference in resistance is not large, 3 to 5%. However, this is to be expected for magnetic multilayers near a point contact, simply due to geometry. Consider an electron injected from the Cu electrode through the point-contact orifice. The electron paths which contribute to the difference in resistance for parallel versus antiparallel magnetic orientations are those which are transmitted through the magnetic layers in the parallel configuration but are reflected from layer 2 for antiparallel layers in the precise direction so that they scatter back through the point-contact orifice to reduce the transmitted current. Because the orifice subtends a small solid angle when viewed from the interface of layer 2, the size of the magnetoresistance is reduced by a factor of 2 to 10 (depending on point-contact radius) relative to conventional pillar geometries (13, 14) . The changes in resistance associated with the current-induced domain switching are consistent with domain switching caused by sweeping an applied magnetic field about the hysteresis loop near zero current (for example, inset to Fig. 2C) .
The current-induced bistable switching is eliminated for H greater than the saturation field needed to force the moments of the two layers into parallel alignment when there is zero current. The switching is also absent for measurements at room temperature in our Co/Cu/Co devices. For either large fields or high temperatures, the data display nonhysteretic features similar to Fig. 3A . We observed the bistable switching at room temperature in one device containing the layers permalloy (4 nm)/Cu (4 nm)/Co (100 nm). This shows that the absence of stable hysteresis at room temperature in most devices is not fundamental, but indicates simply that our reversed domains are small enough to be unstable to thermal fluctuations in the presence of intralayer exchange and dipolar coupling. Higher operating temperatures (and also lower switching currents) might be achieved reproducibly in a geometry where the thin magnetic layer is not part of a continuous film, but is instead an isolated island larger than the superparamagnetic limit but still small enough to have a single magnetic domain (2, 9) .
In addition to the hysteretic features at relatively low bias levels, there are more resistance anomalies in all the samples at larger positive biases. For samples with sufficiently thin magnetic layers and for small applied magnetic fields, such that the resistance shows hysteresis as a function of current bias, the high-bias features are generally dips in dV/d I, corresponding to downward steps in the dc resistance. For thicker layers or larger applied fields, or both, such as to eliminate the hysteresis in current, different high-bias features are present that are generally peaks in dV/d I (7) . Similar high-bias features are also present in point contacts which possess only a single interface between thick Cu and Co electrodes ( Fig. 2E) . Although we do not have a complete microscopic understanding of these features, their presence in samples containing only a single Cu/Co interface suggests that they may be associated with a breakdown in the assumption that the moments in the thicker Co layer remain fixed as a function of bias current.
The magnitude of the current density in this high-bias range is greater than 10 9 A/cm 2 , which is sufficient according to estimates of Bazaliy et al. (4) to excite spin-wave instabilities within a magnet. The difference in sign (dips or peaks in dV/d I) between the low-and high-field regimes may be a consequence of a difference in the relative orientation of the domains in the two magnetic layers. In the low-field case, as a function of increasing current, we propose that the spintransfer effect first anti-aligns the moments of two magnetic layers in the point-contact region, and then higher current levels produce excitations of moments within the layers, which lower the resistance because they give deviations from antiparallel alignment. In the high-field regime, the high-bias features likely correspond to increasing deviations from parallel alignment, leading to increases in resistance.
The spin-transfer model leads to a prediction that, for fields greater than the saturation field, the critical current for the first currentinduced instability in our geometry should depend linearly on the magnitude of an applied magnetic field [(5), after converting to SI units]
where t 1 is the thickness of the thinner Co film, Ϸ 0.7 is a spin-polarization efficiency parameter which reflects that electrons in Co are not fully spin-polarized, A Ϸ 1 ϫ 10 Ϫ11 J/m is the exchange stiffness for Co, r is the point-contact radius, ␣ G is the Gilbert damping parameter for magnetic excitations, M S ϭ 1.45 ϫ 10 6 A/m is the Co saturation magnetization, and H eff is a sum of the effective-field contributions from anisotropy, interlayer exchange, and the applied field. Our measurements indicate that the first instability in the resistance, which we have associated with excitation of the thin-layer moment relative to the thick-layer moment, does have an approximately linear dependence versus H for H greater than the saturation field, although on a fine scale, there are deviations not observed in previous studies ( Fig. 3) (7, 9) . Subsequent transitions at higher bias, which we have associated with magnetic excitations within the Co layers, show more complicated behavior. The measured zero-field intercepts of I crit for the first transition are generally a factor of 2 to 4 lower than those derived from Eq. 2. We consider this satisfactory agreement, since the layers undoubtedly have nonuniform thickness. The observed slopes of I crit versus H also agree with Eq. 2, provided that we assume a value for the phenomenological damping parameter ␣ G ϭ 0.05 to 0.2, which is unusually large compared to more macroscopic samples (5) . However, we are in a new regime, and there may be large contributions to damping near normal/ferromagnetic interfaces (3) and from intralayer processes for nanometerscale domains.
Our results have both good and bad implications for applications. The bad news is that the existence of magnetic switching caused by spin transfer places a limit on the current (and therefore the signal levels) that can be used for measuring GMR devices. The good news is that the spin-switching effect may enable magnetic random-access memories in which the memory elements are controlled by local exchange-effect forces rather than by long-range magnetic fields. Slonczewski predicts that the spin-transfer torques should dominate over the effects of the selfmagnetic fields from flowing currents for devices up to about 100 nm in diameter (2) , so that the point-contact geometry, with its intrinsically low GMR values, should not be necessary to employ the effect.
The Galileo spacecraft has detected diffuse optical emissions from Io in highresolution images acquired while the satellite was eclipsed by Jupiter. Three distinct components make up Io's visible emissions. Bright blue glows of more than 300 kilorayleighs emanate from volcanic plumes, probably due to electron impact on molecular sulfur dioxide. Weaker red emissions, possibly due to atomic oxygen, are seen along the limbs, brighter on the pole closest to the plasma torus. A faint green glow appears concentrated on the night side of Io, possibly produced by atomic sodium. Io's disk-averaged emission diminishes with time after entering eclipse, whereas the localized blue glows brighten instead.
Previous spacecraft and ground-based observations have yielded several indications of a tenuous atmosphere on Io. Dominated by SO 2 and its dissociation products SO, O, and S, Io's atmosphere has been studied at wavelengths ranging from the microwave to the ultraviolet (UV) (1, 2) . Atomic O, S, Na, and K have been detected in extended neutral clouds escaping from the satellite (3), and recent Hubble Space Telescope (HST) observations of Io have imaged intense auroral emissions at far-UV wavelengths (4). Visible emissions from Io during eclipse by Jupiter were seen by Voyager 1 (5) and suggested to be due to molecular SO 2 (6) . HST (7) and ground-based (8, 9) eclipse observations have detected neutral O and Na emissions from Io at visible wavelengths.
The Galileo spacecraft, in orbit around Jupiter since December 1995, can observe optical emissions from Io at a higher spatial resolution than previously possible and from a variety of perspectives unattainable from Earth (10) . Diffuse emissions from Io have been seen in 16 distinct solid state imager (SSI) observations acquired during 14 eclipses over the course of 10 orbits. Recorded partly to monitor thermal emission from discrete volcanic centers (11), these observations provide a detailed look at visible aurorae on a solar system satellite. The bulk of the data was acquired with the SSI clear filter, which covers wavelengths between 380 and 1040 nm (12) . Two sequences included visible color imaging using the SSI violet (380 to 445 nm), green (510 to 605 nm), and red (615 to 710 nm) filters. Diffuse emissions from Io have not been detected in any of the longer wavelength infrared SSI filters. Here, we describe the morphology of the optical emissions from Io, estimate their brightnesses and radiated powers, and suggest possible interpretations.
The most complete set of eclipse images was acquired on 31 May 1998 during the first of two eclipses in orbit E15 (13) ( Table 1) . These pictures were centered near a longitude of 70°W, on the orbital leading hemisphere of Io that is also the location of the plasma wake. One set of color images in the violet, green, red, and 1-m (935 to 1090 nm) filters was taken along with two clear-filter pictures comparing Io's appearance 11 min after the start of the eclipse with its appearance 42 min later. The clear-filter images showed diffuse atmospheric emissions as well as discrete volcanic hot spots on Io's leading hemisphere, whereas only the hot spots were visible in the 1-m filter. Diffuse emissions with three distinct distributions were seen in the visible color frames ( Figs. 1  and 2A ). The brightest emissions were blue glows close to the equator near the sub-and anti-Jupiter points, extending several hundred kilometers above the limb. They were seen at red, green, and violet wavelengths but were 
